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Abstract 
The rural household biogas program in China has been regarded as an effective approach to address energy 
shortage issues and to reduce carbon emission in rural areas. After more than fifty years of development, it has 
neither succeeded in rural energy substitution nor achieved other social and environmental goals, although available 
studies have shown otherwise. The reason behind this disparity largely lies in inaccurate adoption of the operational 
cycle, i.e., the fact that the actual operational time of the biogas digester was often overestimated. Presented In this 
paper, an EIO-LCA model using the Chinese Economic Input-Output table of 2007 was built to estimate carbon-di-
oxide (CO2) emission during the life cycle of a typical 8 m3 household biogas digester and their sources with regard to 
economic sectors. The life cycle of a biogas digester can be divided into three stages: construction (including pond 
building and pen, toilet and stove alterations), operation (including maintenance and biogas combustion) and disposal. 
The results show that the net CO2 emission of a biogas digester is 1558.91 kg after one year of operation, which 
corresponds to an actual CO2 emission of 2878.30 kg (of which direct and indirect emissions are 1558.90 and 1319.40 
kg, respectively) and an emission reduction by fuel substitution and fertilizer conservation of 1078.59 and 240.80 kg, 
respectively. Therefore, the model indicates that a biogas digester should be run for at least 2.77 years to have a net 
CO2 emission reduction benefit. The model also indicates that comprehensive utilization of biogas and its byproducts 
is very important for carbon emission in rural areas. Most of the indirect emissions were derived from construction 
materials, accounting for 88.18%. Moreover, the smelting and pressing of ferrous metals in the 43-step production 
chain of construction materials accounted for 22.48% of the indirect emissions. This gives us a novel perspective to 
develop emission reduction policies. Taken together, the results obtained in this study provide substantial information 
for policy-making on biogas promotion and management as well as renewable energy development in rural China. 
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Nomenclature 
E  matrix of CO2 emissions caused by final demand of sectors  
R   a diagonal matrix of the direct emissions from the monetary unit outputs of sectors 
I  unit matrix 
A             the direct requirement matrix 
Y             the column vector of final demand 
ri             direct emissions from the monetary unit outputs of sector i 
ei                   direct CO2 emissions of sector i 
xi             total output of sector i 
ER          energy replaced by biogas 
ACVbiogas average calorific value of biogas 
TEbiogas      thermal efficiency of biogas 
ACVother  average calorific value of energy replaced by biogas 
TEother       thermal efficiency of energy replaced by biogas  
 
1. Introduction 
Given that 60% of the population of China lives in rural areas, emission from rural energy 
consumption contributes a large volume to the total carbon emission in China. For example, in 2007, the 
carbon-di-oxide (CO2) emitted by rural energy consumption was 28.74*108 metric tons (t), accounting for 
more than 40% of the total carbon emission in China [1]. Since the 1950s, the use of household biogas 
digesters has been considered as an effective approach to address the energy shortage in rural China and 
more recently, as a potential way to reduce green house gas emission [2, 3]. Therefore, the evaluation of 
energy conservation and emission reduction benefits of household biogas digesters is of emerging interest. 
Until now, most studies have paid attention to pollutants such as SO2 and greenhouse gas and concluded 
that household biogas digesters have environmental benefits [2-4]. However, these results have been 
criticized due to the lack of systematic evaluation [5]. A comprehensive evaluation method that considers 
overall CO2 emissions from the life cycle of biogas digesters is urgently needed.  
In order to understand the environmental benefits of biogas digesters, researchers have used the 
process-based life cycle assessment (LCA) method to estimate CO2 emissions, starting at the construction 
stage of a digester up to demolition [5-7]. However, subjective boundary problems existed in these 
analyses, i.e., only the direct emissions and a small number of indirect emissions were taken into account; 
this has made the comparison of studies difficult [8]. Besides, we should input much manpower and 
physical resources to obtain a detailed inventory data used in the PLCA method [9]. To mitigate these 
problems, an economic input-output LCA (EIO-LCA) method was invented, which has been applied to 
the evaluation of bio-fuel production [10, 11], such as fuel ethanol and straw gasification. The most 
notable feature of this method is that indirect emissions can be estimated.  
780  C.B. Wang and L.X. Zhang / Procedia Environmental Sciences 13 (2012) 778 – 789 C.B. Wang et al./ Procedia Environmental Sciences 8 (2011) 805–816 807 
 
In this paper, an EIO-LCA model using the Chinese Economic Input-Output table of 2007 was built 
to estimate the life cycle CO2 emission of a household biogas digester with a volume of 8 m3, a popular 
design in China. With the established model, we estimated the CO2 emissions from life cycle of a biogas 
digester. The direct and indirect CO2 emissions at various stages of the life cycle and their sources with 
regard to economic sectors were considered. Our results show that biogas digesters have emission 
reduction benefits if normally run several years. 
2. Methods 
2.1. The life cycle framework of household biogas digesters 
According to the principles and framework of LCA proposed by the International Organization for 
Standards (ISO) [12], the life cycle of a biogas digester can be divided into three stages: construction 
(including pond building and pen, toilet and stove alteration), operation (including maintenance and 
biogas combustion) and disposal (Fig. 1). For a systematic evaluation, the direct and indirect CO2 
emissions at each stage should be considered. In addition, for the calculation of net benefits, the pro-
environmental effects of biogas use and utilization of digested slurry as fertilizer should also be included.  
In this study, we assumed that the fermentation material comes from manure, which has no direct 
CO2 emission, but has indirect emission derived from farming activities. It should also be noted that 
manpower was required for stable biogas production during the operation process, thus contributing to 
indirect emissions. For a year’s operation, an average of four days was required for digested slurry 
cleaning and the opportunity cost was 50 yuan (RMB) per day. With regards to the disposal of a digester, 
we assume that residual materials will not be reused and that disposal requires manpower and 
transportation, which are only a third of those invested during the construction stage. The designed 











Fig. 1. The life cycle framework of a typical household biogas digester 
2.2. EIO-LCA model  
The EIO model was developed by Wassily Leontief to quantify the relationships between different 
sectors of an economic system by considering monetary transactions amongst them [10]. The most 
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important characteristic of this model is that both direct and indirect inputs are taken into consideration. 
Taking this one step further, the EIO-LCA model proposed by Lave and Hendrickson extends the theories 
of the EIO model to environmental analysis by appending a matrix of environmental burden coefficients 
to the input-output table [13, 14]. This matrix is diagonal such that the CO2 emission caused by final 
demand can be divided into various sectors of the production chain. Notably, the EIO-LCA model does 
not encompass the operational phase of a product, which can be determined separately using the process-
based LCA (PLCA) method [6, 15].   
The EIO-LCA model is represented by: 
                                                        
1( )E R I A Y                                                                       (1) 
                                                                 /i i ir e x                                                                            (2) 
Where, E is the matrix of CO2 emissions associated with final demand of sectors; R is a diagonal matrix 
with its diagonal element ri representing the direct emissions from the monetary unit output of sector i; I 
and A are the unit and direct requirement matrices, respectively; Y is the column vector of final demand, ri 
is calculated using ei and xi which are the direct CO2 emissions and total output, respectively, of sector i. 
In this study, the EIO-LCA method was used to estimate direct and indirect CO2 emissions from the 
construction and disposal phases of a household biogas digester, taking into consideration the emission 
reduction benefits of substituting chemical fertilizers with digested slurry. The direct CO2 emissions 
during fuel combustion were calculated using the PLCA method. Total CO2 emission during the life cycle 
of a household biogas digester is the sum-total of emissions calculated by the EIO-LCA and PLCA 
methods. 
3. Data 
3.1. Data Sources 
The data of 43 industry sectors required for the EIO-LCA model were obtained from a report by Ji 
[16]. The CO2 emissions of various sectors in 2007 were calculated according to the 2006 IPCC 
Guidelines for National Greenhouse Gas Inventories [17]. The CO2 emission factors of biogas 
combustion and fuels consumed in each sector were derived from the literature [1, 18]. The data quantity 
of various inputs used in digester construction and maintenance are shown in Table 1. Based on 
previously published results, the annual biogas yield of a household digester was set at 300 m3 [5] and the 
annual economic benefit of fertilizer conservation by substitution with digested slurry at 500 yuan (RMB) 
[3]. 
Table 1. Input parameters used in the LCA of a household biogas digester with their corresponding quantities and prices 
Materials for one digester Inputs* Unit price (RMB)* Total price 
(yuan RMB)* 
Cement block 5902 pieces 0.25yuan/ one piece  1475.5 
Cement 2.6 t 400yuan/metric ton 1040 
Powder 9m3 70yuan/m3 630 
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Steel 25kg 5yuan/kg 125 
IV tube 1 120yuan/a tube 120 
Input tube 1 35yuan/a tube 35 
Stove and accessories 1 250yuan/a tube 250 
Gas tube 1 2yuan/a tube 2 
Sealants 1kg 21/kg 21 
Labor —— —— 760 
Material expense —— —— 15 
Transport expense —— —— 15 
Follow-up service charges —— —— 20 
Urinal 1 25yuan/a urinal 25 
Wooden door 1 100yuan/a door 100 
Ceramic tile 3 4.5yuan/a tile 13.5 
Precast hollow slab 16m2 35yuan/m2 560 
Manure 9000kg 0.01yuan/kg 90 
Maintenance 4days 50yuan/a day 200 
Repair cost  25yuan/a year 25 
*The data were obtained from the Bureau of Agriculture, Zunyi City, Guizou Province. 
3.2. Energy savings from biogas usage 
Biogas generated by a household digester is mainly used for cooking and occasionally, for lighting 
purposes. In this study, biogas was regarded as a fuel for cooking and as a substituent for other forms of 
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rural energy such as coal, firewood and liquid petroleum gas (LPG). The equivalent effective calorific 
value from the combustion of biogas was used for the calculation of specific rural energy substitution 












                                                      (3) 
Where ER  is the specific rural energy substitution by biogas; biogasACV  and biogasTE  are the average 
calorific value and thermal efficiency of biogas, respectively; biogas biogasACV TE  is the effective 
calorific value of biogas; otherACV , otherTE  and other otherACV TE are the average calorific value, 
thermal efficiency and effective calorific value of the rural energy substituted by biogas, respectively. The 
resulting ER values for coal, straw, firewood and LPG, the most commonly used fuels in households in 
rural China, are shown in Table 2 [19]. 
Table 2. Household energy substitution by biogas  
Parameters Biogas Coal Straw Firewood LPG 
Calorific value (ACV; kJ/kg, kJ/m3) [19] 20908 20908 14636 16726 50179 
Thermal efficiency (TE; %) 60 35 25 25 55 
Structure of cooking energy (%)[20] —— 33.51 32.65 21.25 12.59 
Specific energy substitution by biogas 
(ER) —— 1.71 3.43 3.00 0.45 
Energy substitution by 300 m3 of biogas 
(kg) —— 172.34 335.82 191.25 17.17 
4. Results and discussion 
4.1. CO2 emission in each stage 
Shown in Table 3 is the EIO-LCA evaluation results of CO2 emission associated with a typical 8 m3 
rural household biogas digester after one year of operation. The total annual CO2 emission is 2878.3 kg. 
The data also show that CO2 is mainly generated during the construction stage of the digester, accounting 
for 82% of the total emissions. Biogas use, digester maintenance and demolition contribute less 
significantly, at 12.22%, 2.98% and 2.92%, respectively, to total emissions. Moreover, direct and indirect 
emissions constitute 54.16% and 45.84%, respectively, of total emissions. This indicates that measures 
should be taken to reduce indirect emission reduction, which was often ignored by previous studies. 
Again, the digester construction stage dominates both direct and indirect emissions, accounting for 
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76.54% and 88.18%, respectively. One possibility to reduce CO2 emissions at this stage is by reducing 
indirect CO2 production, which is discussed below.   
Table 3. Life cycle CO2 emissions for an 8 m3 household biogas digester (in kg) 
Emission type 















Direct emission 1193.2 351.6 9 5.1 1078.59 153.4 326.91 
Indirect 
emission  1163.5  76.8 79.1  87.4 1232 
Total emission 2356.7 351.6 85.8 84.2 1078.59 240.8 1558.91 
Percentage of 
emission in 
each stage % 
81.88 12.22 2.98 2.92 81.75% 18.25%   
 
4.2. Distribution of indirect CO2 emissions in sectors of production chain  
The results from the EIO-LCA model presented in Table 3 show that indirect CO2 emission from 
digester construction account for the largest part of total indirect emissions (88.18%). This can be 
allocated into 43 sectors of the production chain such as smelting and pressing of ferrous metals, 
manufacture of raw chemical materials and chemical products, production and distribution of electric and 
heat power, mining and washing of coal, processing of petroleum and so on. Emissions of the ten biggest 
contributors are shown in Fig. 2. The smelting and pressing of ferrous metals sector contributes the 
highest to indirect emissions, accounting for 22.48% while CO2 emission of the top three sectors together 
is 571.40 kg, accounting for nearly half of the indirect emissions. This indicates that emission reduction 
policies such as saving steel and reducing the use of sealants and other accessories should be targeted at 
these sectors to effectively alleviate CO2 emissions from household biogas digesters.  
 













Fig. 2. CO2 produced by the ten main construction sectors contributing to indirect emission in the LCA of a household biogas 
digester. The sectors represent: (1) smelting and pressing of ferrous metals, (2) manufacture of raw chemical materials and chemical 
products, (3) production and distribution of electric and heat power, (4) mining and washing of coal, (5) processing of petroleum, 
coking, processing of nuclear fuel, (6) manufacture of non-metallic mineral products,  (7) transport, (8) smelting and pressing of 
non-ferrous metals, (9) others (including storage, postal & telecommunications services) and (10) extraction of petroleum and 
natural gas. 
4.3.  CO2 emission reduction benefits 
To evaluate the environmental benefits of a biogas digester, two factors have to be taken into 
account: (i) energy source substitution and (ii) utilization of digested slurry for downstream purposes [6]. 
Biogas directly contributes to CO2 emission reduction by acting as an alternative energy source and 
indirectly, with the digested slurry acting as an alternative fertilizer. As shown in Table 3, the EIO-LCA 
model determined that the CO2 emission reduction benefits from the alternative energy and fertilizer 
aspects of a biogas project are 1078.59 and 240.8 kg per year. Together, this results in a 2-fold reduction 
of CO2 emissions from 2878.30 kg to 1558.91kg, after just one year of operation. However, if the biogas 
digester is used for a longer time, the CO2 emission reduction benefits will be even greater. For example, 
after 2.77 years of operation, the net emission reduction benefit negates total emission completely. 
Theoretically, the CO2 emission reduction by a rural household biogas digester can be as high as 
15198.90 kg if the digester is operated for the designed lifetime of 20 years.   
4.4. Comparison with related studies 
The CO2 emission results for a biogas digester from two other studies in China were compared with 
the results obtained in this study (Table 4). These studies are comparable because they describe carbon 
emissions from an 8 m3 household biogas project over one year of the life cycle. The highest CO2 
emission values were calculated using the EIO-LCA model in the current study, especially with respect to 
indirect emissions, while many emissions during the construction stage were ignored in other studies. The 
main differences associated with emission results from biogas use were mainly due to the different 
presumption of biogas output. In addition, biogas slurry and residue are often considered because they 
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save agricultural cost and generate profits by improving crop yields [3, 21]. However, the CO2 emission 
reduction benefits of biogas slurry and residue have not been studied very well. Since there is no 
consensus on the method of calculating energy sources substituted with biogas, the results are different 
amongst related studies [3, 5]. 
Table 4. Comparison of CO2 emissions calculated in different studies (in kg) 
  
Raw materials Construction 
Biogas use Energy substitution 
Alternative fertilizer 
Direct indirect direct indirect direct indirect 
Our study 0 11.90  1193.20  1163.50  351.60  -1078.59  -153.40  -87.40  
Wang et al. -221.71 —— 99.10  —— 64.17  -378.05  -970.07  —— 
Shen et al. —— —— —— —— 481.15  -2855.25  —— —— 
 
4.5. Discussion 
This report focuses on the CO2 emission during the life cycle of a household biogas digester in China. 
Our results show that, although CO2 emission can be reduced by energy substitution and fertilizer 
conservation, the digester should be operated for at least three years to get a real reduction benefit, mainly 
due to the high CO2 emission levels from the construction stage. Given that the designed lifetime of a 
household biogas project is 20 years [5]. Long-term emission reduction potential exists if this program is 
successfully adopted in rural China. However, the widespread use of household digesters has encountered 
several bottlenecks such as unavailability of fermentation material, technical advice, follow-up 
management, and financial and policy support and many projects have been discontinued, some after just 
one or two years [22]. Therefore, steps need to be taken to ensure normal operation of biogas digesters..  
Livestock and poultry manure are the main fermentation sources for biogas in rural China. Some 
researchers regard agricultural waste as another important fermentation material [5, 23]; but, the technical 
knowhow is not advanced enough to use this resource effectively and the cost of technologies is not 
economically viable to the farmers. Therefore, the development of biogas in rural China has been 
hindered by the shortage of raw materials. With advancements in technologies, alternative fermentation 
materials including solid municipal waste, industrial waste, organic wastewater and energy crops could be 
used to supplement the inadequate manure source [24]. 
Poor construction quality, such as the use of low-quality steel, also affects long-term operation of the 
biogas digesters. Importantly, specific accessories used in biogas digester construction are not sold in the 
market and the storage units and pipes often leak biogas after short operation times. In addition, cold 
fermentation technology is a bottleneck for biogas projects. The fermentation temperature of household 
biogas is generally between 8 and 25°C, and the minimum temperature for biogas production is 10°C [25].  
In northern China, the average temperature during the winter months is often lower than 8°C; more 
research is required to improve the efficiency of biogas production in colder regions. 
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The follow-up management of biogas digesters is another key issue in the operation of these units. 
Usually, the development of digesters focuses on the construction stage and famers have little knowledge 
of biogas management. Furthermore, it is difficult to find an agency that provides the follow-up services 
for biogas digesters. Important aspects such as regular cleaning of the digested slurry to ensure normal 
operation are neglected by the farmers; this affects digester productivity as well as reduces economic 
benefits of the digester. Overall, integrated utilization of a biogas project rarely occurs in rural China -
people mainly use biogas for cooking and water heating, while the slurry and other organic residues are 
usually neglected as alternative fertilizers. 
Demonstration projects are often developed successfully due to the financial support from the 
government in the form of subsidies and low interest loans. However, the government often focuses on 
the social benefits of the demonstration project rather than its economic and environmental benefits. 
Therefore, villagers who are not in the demonstration area will either forego the construction of a biogas 
digester attributing it to a lack of funds or during the operation of the digester attributing it to a lack of 
support. Besides, development of biogas in China lacks long-term planning and strategizing. Although 
most farmers have strong enthusiasm for biogas projects, they lack the authority and political insight to 
formulate long-term policies to support these projects. A scientific development planning of rural 
household biogas project is urgently needed. 
5. Conclusions 
In this study, an EIO-LCA-based evaluation was conducted to analyze CO2 emissions from a typical 
8 m3 rural household biogas digester. The results showed that the net CO2 emission of a biogas digester 
for one year is 1558.91 kg, after subtracting an emission reduction benefit of kg from the total CO2 
emission of 2878.30kg. Surprisingly, the construction stage of the biogas digester accounted for 81.88% 
of the total emissions while emission reduction benefits from fuel substitution were 1078.59 kg. 
Moreover, direct and indirect sources contributed equally to the total emissions, with the smelting and 
pressing of ferrous metals sector, manufacture of raw chemical materials and chemical products sector, 
and the production and distribution of electric and heat power sector contributing to 50% of the indirect 
emissions. This provides essential information to formulate policies for alleviating CO2 emissions from 
rural biogas household projects. It is important to note that the results obtained in this study could have 
been affected by the rough estimation of parameters like manpower and economic benefits from fertilizer 
savings and problems inherent in the EIO-LCA method. Nevertheless, it is a starting point for systematic 
evaluation of biogas projects as well as other renewable energy alternatives. 
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